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ABSTRACT: The morphology of poly(sodium acrylate)-g-poly(ethylene oxide) graft copolymers (PAA-g-
PEO) in semidilute solution has been studied by small-angle neutron scattering using a temperature or
salting-out effect as trigger for the phase separation of PEO side chains. As soon as the critical conditions
are reached, a scattering peak arising from the correlation between the PEO domains is clearly observed.
Beyond the critical conditions, e.g., at higher temperature or salt concentration, the magnitude of the
fluctuations keeps on increasing while their wavelength or the periodicity of the microdomains remains
constant. At the same time, the asymptotic behavior, studied at higher values of the scattering vector q,
indicates that PEO side chains undergo a continuous transition from an homogeneous solution of random
coils, in the weak segregation regime, to a microseparated two-phase structure with a sharp boundary in
the so-called strong segregation regime (corresponding to high temperature and/or salt concentration).
The modeling performed in the strong segregation regime indicates that PEO microdomains behave as
polydisperse spherical micelles organized in a simple cubic lattice. Moreover, the absolute fitting of the
experimental results with a polydisperse sphere model clearly indicates that the clustering of the PEO
grafts, e.g., the temperature of microphase separation, the number of side chains gathered into the
microdomains, and the concentration inside these clusters, is totally described, qualitatively and
quantitatively, by the phase diagram of PEO. Using various copolymers, differing either by the number
of hydrophilic units between the side chains (NA) or the number of ethylene oxide units (NB), we show
that the aggregation number (Nag) is mainly fixed by the primary structure of the copolymer. Nag can be
roughly estimated using a scaling relation taking into account its double dependence with the lengths of
both hydrophilic and “hydrophobic” units: Nag ∼ NB

â/NA
R.

Introduction

Microphase separation in macromolecular systems
has attracted considerable interest in the field of physi-
cal chemistry of polymers mostly because this meso-
scopic phenomenon provides unusual properties, in very
dilute solutions (micellization of surfactants, multiblocks
or telechelic polymers), concentrated media, or melts.1-4

The common feature of all these systems is that the
macroscopic properties (viscoelasticity, transparency,
conductivity, etc.) can be controlled at the microscopic
level by playing with the structure and the organization
of the polymer chains.

In this context, water-based systems have known
much development in the past decades and will be of
increasing importance in the future in both society and
industry. If we except the economical aspects, there are
at least two basic reasons for their development. The
first one is that initially water is an absolute require-
ment in specific fields such as food, pharmaceutical, and
personal care applications. The second reason is related
to problems of toxicity or more generally speaking to
environment. This explains why currently water for-
mulations tend to replace organic ones in important
markets such as detergents, drilling fluids, and paints.5
In this field, amphiphilic or hydrophobically associating
water-soluble polymers have received the most attention
both experimentally6-14 and theoretically.15-19 Basi-

cally they contain at least two types of sequences which
can be included as blocks or pendant chains into the
polymer structure (see Figure 1): Sequences A are
purely hydrophilic. They can be neutral or ionic (+ or
-) and ensure the solubility or the swelling of the
copolymer in water. Sequences B are hydrophobic
(alkyl, perfluoroalkyl, aromatic fragments). Their ag-
gregation tendency (micellization) provides the am-
phiphilic character of the copolymer in water.

In water, these copolymers self-organize forming
hydrophobic clusters embedded in a sea of hydrophilic
chains. In semidilute solution, a physical network can
be formed and these systems have found numerous
applications as thickeners in aqueous-based fluids. In
these networks, the connectivity and the lifetime of
bridging units as well as the characteristics of the
microdomains (size, shape, aggregation number) directly
influence the viscoelastic properties of the solution. The
control of the rheological properties can be regulated
initially at the molecular level with the primary struc-
ture of the copolymer: the size and nature of the
hydrophilic sequences; the size, nature, content, and
distribution of the hydrophobic ones. Fortunately the
properties of a given system are not frozen on the basis
of its primary structure, and self-assembly can be
modulated through external parameters playing either
with the solvation strength, pH, or ionic strength20 or
favoring a synergy effect with other amphiphilic sys-
tems, surfactants, or polymers.21-23 Moreover, with a
special design of the chemical structure, associative
properties can be triggered reversibly using physical
stimuli such as temperature, shear stress,24 and light.25
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Of course, well-known examples of gelation upon cooling
were described long time ago for natural polymers such
as gelatin but the opposite phenomenon, e.g., gelation
upon heating, was also reported more recently in
aqueous solutions. Among well-known systems, we can
mention triblock copolymers of poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide),26 cellulose
derivatives (methyl, hydroxypropyl, and ethyl(hy-
droxyethyl)),27-30 or more sophisticated systems involv-
ing mixtures of amphiphiles such as nonionic cellulose
ethers and ionic surfactants31-32 or hydrophobically
modified water-soluble polymers and neutral surfac-
tants.33 Except for this last group, where the driving
force is the phase transition of the surfactant, the
gelation upon heating is generally controlled through
hydrophobic interactions between the polymer chains.
On this basis, we developed at the beginning of the
1990s34 a general concept for thermoassociative polymer
solutions which is based upon the switch properties of
sequences B characterized by a lower critical solution
temperature (LCST). Schematically, at low tempera-
ture, where both sequences A and B are soluble in
water, the copolymer behaves as a classical hydrophilic
system with the properties of entangled networks in
semidilute solution. But now, when the temperature
is increased above a critical value (Tassoc), the initially
hydrophilic sequences B reduce their hydration by self-
associating into microdomains and promote a stronger
physical connectivity between the polymer chains as
pictured in Figure 1. These thermoassociative systems,
which possess a well-controlled primary structure, are
of great interest for the following reasons:

As previously mentioned, the thermothickening is an
original property compared to the thermothining be-
havior which characterizes most of the polymer systems
or fluids in general. Like hydrophobically associating

polyelectrolytes, which are often referred as antipoly-
electrolyte systems (increase of the viscosity with the
ionic strength in semidilute solutions), the thermore-
sponsive polymers could be caricatured by their anti-
Arrhenius behavior.

Thermothickening, thermoviscosifying, or thermogel-
ling is not related to a given chemical structure, but it
is a general concept which was exemplified with a broad
spectrum of copolymers.35

This property is a technological answer to a set of
problems found in industrial applications where aque-
ous-based fluids are submitted to a heating stage during
application. The control of the rheology of drilling fluids
in deep subterranean formation is for instance a typical
application.36 Recently, similar systems called smart
gels or intelligent gels were also depicted in popular
scientific work37 with potential applications as shoe
inserts or in the medical field with drug delivery or skin
care applications. Of course, in these examples, the
transition temperature must be close to the body tem-
perature.

The associating behavior is conceptually reversible,
and this feature provides additional reason for techno-
logical applications where switching properties are
required.

Finally, from a theoretical point of view, the switch
of hydrophobic associations with the temperature pro-
vides an interesting model to follow the micellization
or the aggregation of component B. As a matter of fact,
one can expect to start from isolated sequences B and
go, through a weak segregation regime near the critical
temperature (B-B interactions being comparable to kT),
toward a strong segregation regime (well above Tassoc)
with a fairly sharp interface A/B and up to a hypotheti-
cal superstrong segregation regime.18

In our last papers,35,38-40 we described the synthesis
and the macroscopic properties (rheology and phase
diagram) of thermothickening polymers exemplified
with poly(acrylic) derivatives grafted with poly(ether)
side chains.

In the present paper, we report small-angle neutron
scattering (SANS) experiments performed with aqueous
solutions of poly(sodium acrylate)-g-poly(ethylene oxide)
(PAA-g-PEO). Using a temperature or salting-out effect
as the trigger, the PEO microphase separation is studied
during the different steps of aggregation. The overall
set of results, obtained at the microscopic level (size,
shape, concentration of the microdomains, aggregation
number), is discussed in a more general context taking
into account the rheological properties of the solutions
and the thermodynamic behavior of the components.

Experimental Section
Materials. The synthesis and characterization of ther-

moassociative copolymers is described in detail elsewhere.35

In brief, the comblike copolymers were obtained by grafting
ω-methyl, R-aminopoly(ethylene oxide) (PEO) of various mo-
lecular weights on water-soluble backbones (WSB) containing
a minimum amount of acrylic acid units. We generally used
poly(acrylic acid) (PAA) and poly(acrylamidomethylpropane-
sulfonic acid-co-acrylic acid) (PAS-AA) with a molar composi-
tion of 80/20 for sulfonic and carboxylic functions, respectively.
Depending on the solubility of the precursors, the grafting
reaction was performed either in water or in N-methylpyr-
rolidone, using carbodiimide as coupling agent. The incorpo-
ration of PEO chains onto the backbone was quantitatively
checked by size exclusion chromatography (SEC) during the
synthesis and was confirmed by 1H NMR after purification of
the copolymer. For neutron scattering purposes, we have

Figure 1. Schematic description of self-assembling copoly-
mers in aqueous medium: (a) primary structure of the
copolymer with short hydrophobic blocks or side chains B (0)
alternating with longer hydrophilic spacers A (O); (b) physical
gelation resulting from the aggregation of sequences B into
hydrophobic clusters, 9 assembly.
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specially synthesized two samples of poly(deuterated acrylic
acid)-g-poly(hydrogenated ethylene oxide) using the same
procedure. The deuterated backbone (PAAD) was obtained by
radical polymerization of acrylic acid-d4 (Polymer Source Inc.)
in deoxygenated water at pH 5 (1 mol/L). The reaction,
initiated by thermal decomposition (T ) 45 °C) of potassium
persulfate (0.01 mol/L), was allowed to proceed for 12 h in these
conditions. The crude medium was then precipitated in
methanol, and the polymer was purified by several washings
in pure methanol and a final drying under vacuum at room
temperature. All the copolymer samples used in the present
study were in the fully ionized form (Na+ form). They are
listed in Table 1.

Potassium carbonate (K2CO3 from Prolabo) was used as
received. D2O was purchased from Spectrométrie Spin et
Techniques, and H2O was purified with a Millipore system
(Milli-RO and Milli-Q).

Sample Preparation. Polymer solutions were prepared
by weighting the copolymer, the salt, and the solvent. The
mixture was then put under continuous stirring at room
temperature for at least 24 h to ensure complete dissolution
and equilibrium of the whole system. The concentrations of
the solutions are expressed, on the dry weight basis, in grams
of copolymer per 100 g of solution (% w/w).

Rheology. Viscosity measurements on polymer solutions
were carried out on a Carri-Med controlled stress rheometer
(Rheo) with a cone/plate geometry. The Carri-Med cone
calibration given by the supplier was as follows: cone diameter
2.0 cm, cone angle 2°-0-0, and truncation 55 µm.

The temperature of the measuring unit was controlled by a
high-power Peltier system. Typically, the rheological analyses
were performed between 20 and 75 °C in aqueous solution
(isotopic mixture of D2O/H2O (80/20 in bulk)) with a heating
rate of 2 °C/min and under constant shear rate: γ ) 50 s-1.

Phase Diagrams. Phase diagrams of PEO precursors were
established using turbidimetry and/or SEC. For the cloud
point determination, monophasic solutions of PEO were
prepared at a given concentration in H2O with different
amounts of salt (K2CO3). The solutions were stirred at room
temperature, or below, for 24 h and then they were equili-
brated in a block thermostat at a controlled temperature (∆T
) 0.2 °C). The temperature of the bath was raised by step of
1 °C every 0.5 h, and the cloud point, or temperature of phase
separation Tp, was taken visually as the temperature where
the samples begin to scatter visible light and thus are
transformed from perfectly clear to turbid solutions. To
determine the coexistence curves of the phase diagram, the
PEO solutions were heated above Tp. The two phases were
then allowed to settle during 48 h at a given temperature. Each
phase was sampled and analyzed after suitable dilution by
SEC (Waters 6000A chromatographic system equipped with
four columns of Shodex OH-pak equilibrated at T ) 35 °C in
LiNO3, 0.5 mol/L). The areas under the chromatograms,

obtained by differential refractometry (Waters R401), were
used to calculate the initial PEO concentration in the two
separated phases, after calibration of the peak area versus
PEO concentration.

SANS. SANS experiments were performed on spectrometer
PACE in the Laboratoire Léon Brillouin (CEA-Saclay, France).
Two sets of experiments were carried out using an incident
neutron wavelength λ ) 6 and 13.9 Å with a corresponding
sample-detector distance of 2.5 and 4.6 m, respectively. The
scattered neutrons were collected according to scattering
angles by an array of 30 circular detectors of 1 cm width.
These configurations provide a scattering vector (q) ranging
between 0.003 and 0.14 Å-1. The diameter of the incident
beam was 7.6 mm. The polymer solutions or the solvent was
introduced into quartz cells (5 mm thick and 9 mm width)
which were mounted in a temperature-controlled sample
holder (precision 0.5 °C).

In the case of systems containing two types of scatterers,
as in our copolymer solutions, the scattering intensity is given
by the following relation:

where the indexes 1, 2, and 3 refer to the solvent, the PEO,
and the PAAD, respectively. Sij

T(q) are the scattering func-
tions; vi is the molecular volume, Fi is the scattering length
density, and q is the scattering vector [q ) (4π/λ) sin(θ/2)] with
λ the wavelength and θ the scattering angle.

For the deuterated copolymer samples, we used a solvent
mixture of D2O/H2O, with a volume ratio of 80/20, to match
the scattering length density of the PAAD backbone, F1 ) F3

as shown in Figure 2. The value of this solvent ratio, initially
calculated from the scattering lengths of the nuclei of the
molecules and its volume, was confirmed by a contrast
variation experiment with PAAD solutions using different
ratios of D2O/H2O. Under these conditions, eq 1 reduces to
its first term and all the scattering arising from the copolymer
comes from the PEO grafts. For the solutions of undeuterated
copolymers, the solvent used was D2O in order to maintain a
good contrast between PEO and the solvent and thus a good
intensity scattered by the grafts (see Figure 2).

All data were treated according to standard procedures of
small-angle isotropic scattering.41 The spectra were corrected
for transmission, sample thickness, and electronic noise. The
mixture of solvents at the same composition and temperature
were used as background for the samples, and the corrections
for detector cell efficiency were performed by using the
incoherent scattering of H2O. The scattering intensities were
converted to absolute scale using the incident neutron flux as
standard. This procedure41 allows us to give the absolute
intensity I(q) of eq 1 in reciprocal centimeters.

Results and Discussion
Temperature Effect. A typical thermothickening

behavior in semidilute solution is shown in Figure 3
with a 2.7% solution of PAAD/0.3% PEO25 in D2O. As
defined in the Table 1, this name refers to a deuterated
backbone of poly(sodium acrylate) (PAAD) carrying, per
100 backbone monomer units, 0.3 poly(ethylene oxide)
side chain of ∼25 000 molecular weight (PEO25).

K2CO3, which is characterized by a strong salting-
out effect on PEO chains in water,42 was added to the

Table 1. Primary Structure Parameters of
Thermoassociative Copolymers

sample MWSB
a MPEO

b τ (%)c NA
d NB

e

PAAD/0.30% PEO25 430 000a 28 500 0.30c 330 650
PAAD/0.70% PEO5 430 000a 6 800 0.70c 140 155
PAS-AA/0.55% PEO25 700 000b 28 500 0.55c,d 180 650
PAS-AA/0.50% PEO10 700 000b 11 600 0.50c,d 200 265
PAS-AA/0.60% PEO5 700 000b 6 800 0.60c,d 165 155
PAS-AA/1.35% PEO5 700 000b 6 800 1.35c,d 74 155
PAA500/0.40% PEO25 830 000b 28 500 0.40c,d 250 650
PAA500/0.40% PEO5 830 000b 6 800 0.40c,d 250 155

a Weight-average molecular weight of the backbone obtained by
SEC (a) or light scattering (b). The polydispersity index is roughly
equal to 2.5 for the different polyelectrolyte systems. b Viscosity-
average molecular weight of PEO. The polydispersity index of the
poly(ethylene oxide) chains is estimated to 1.2 from SEC. c Average
number of PEO side chains per 100 backbone monomer units
calculated from SEC (c) and/or 1H NMR (d). d Average number of
hydrophilic units A between two PEO side chains. e Average
number of ethylene oxide units (B) per PEO graft.

Figure 2. Scattering length densities of the different com-
ponents involved in PAA-g-PEO aqueous solutions.

I(q) ≈ (F2 - F1)
2v2

2S22
T (q) + 2(F2 - F1)(F3 - F1)v2v3S23

T (q) +

(F3 - F1)
2v3

2S33
T (q) (1)
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solution in order to shift the transition temperature in
a range compatible with our experiments, typically T
< 75 °C. Nevertheless, from measurements performed
under pressure in pure water (T ) 20-200 °C),40 the
viscosity variation is typically the same and can be
described by a two- to three-step mechanism:

(1) In the first domain, corresponding to the lower
temperature range (here T <30 °C), the copolymer
solution behaves like a classical unassociated system.
The viscosity decreases upon heating as usually ob-
served for macromolecular solutions, organic fluids, or
polymer melts, according to an Arrhenius law.

(2) From 30 to 50 °C, the viscosity increases and the
magnitude of the thickening is ∼1.5 decade of viscosity
over ∆T ) 20 °C (under constant shear rate: γ ) 50
s-1). The onset of the thermothickening behavior (Tassoc
∼ 30 °C), which corresponds to the self-assembling of
PEO grafts, is in good agreement with the value issued
from the binary phase diagram of the PEO precursors
in water. For instance, for the 2.7% (w/w) solution of
PAAD/0.3% PEO25, the relative concentration of PEO
grafts is equal to 1.3% (as the weight percentage of
PEO25 in the copolymer is estimated at 48% w/w) and
the corresponding phase separation of the binary PEO/
water in the same conditions is Tp ∼ 29 °C (see Figure
4). In other words, and as was previously reported,38,40

in semidilute solutions and at copolymer concentrations
that do not exceed 5% (w/w), the phase separation

temperature of PEO remains the same whether they are
grafted or free in solution.

Comparatively with similar viscometry measure-
ments carried out in pure H2O, we can emphasize that
the deuteration labeling of the solvent has no noticeable
effect on the thermodynamic behavior of these systems.

(3) Finally, the third domain observed in Figure 3 (T
> 50 °C), characterized by a smooth decrease of viscosity
upon heating, is essentially shear dependent. It results
from the competition between self-assembling of PEO,
promoted by heating, and stretching of supermolecular
structures under shear. The resulting dynamic equi-
librium, which tends to lower the connectivity of the
physical network, with a probable shift from inter- to
intrachains micellization, is temperature and shear rate
dependent.40 Consequently, the maximum of viscosity
observed around 50 °C at a shear rate of 50 s-1 can be
easily shifted toward lower or higher temperature by
increasing or decreasing the shear rate, respectively.

We can add that the thermothickening behavior is
absolutely reversible with temperature, without any
hysteresis in our experimental conditions, and that the
solutions remain perfectly clear on the whole range of
temperature explored.

Starting from this macroscopic analogy between the
thermothickening and the phase separation behavior of
PEO grafts, we investigate now the microstructure
using neutron scattering. Figure 5 shows the SANS
data obtained, at different temperatures, with the same
copolymer (PAAD/0.3% PEO25) and at the same con-
centrations (Cp ) 2.7% and [K2CO3] ) 6.9%). As
mentioned in the Experimental Section, the isotopic
mixture of water (D2O/H2O ) 80/20 (v/v)) is used to
cancel the scattering of the PAAD backbone. At tem-
perature below 30 °C, I(q) is a monotonic decreasing
function of q. However, above this temperature, I(q)
increases dramatically upon heating (T ) 34-60 °C) and
a scattering maximum appears and remains at a fixed
position q* ∼ 1.1 × 10-2 Å-1 whatever the temperature
explored above Tassoc is. The comparison of this scat-
tering behavior with the phase diagram of PEO25
displays some interesting analogies which allow a
qualitative description of the SANS results. At low
temperature, below critical, PEO grafts behave as
isolated chains in a Θ solvent. Then when the critical
temperature (Tp ∼ 29 °C) is exceeded, PEO will start to
self-aggregate and give rise to concentration fluctuations

Figure 3. Typical variation of steady flow viscosity with
temperature for thermoassociative copolymer solutions: sample,
PAAD/0.3% PEO25; Cp ) 2.7%; [K2CO3] ) 6.9%; γ ) 50 s-1.

Figure 4. Phase diagram of the pseudobinary system PEO25/
water for various concentrations of K2CO3.

Figure 5. Variations of SANS intensities with temperature
of aqueous solutions of PAAD/0.3% PEO25: Cp ) 2.7%; [K2-
CO3] ) 6.9%.
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with wavelength 2π/q*. According to the phase dia-
gram, by increasing the temperature above Tp, both the
number of PEO chains participating to the “concen-
trated regions” and the concentration inside the forming
microdomains increase. In other words, by increasing
T, we increase the magnitude of the fluctuations ∼I(q*).
The fact that the position of the main peak remains
constant reveals that the mean distance between the
microdomains is quite independent of the temperature.
The phase separation is maintained at a microscopic
scale by the PAA backbones.

These results are qualitatively in agreement with
those reported by Roe et al.43 on the thermal transition
in styrene-butadiene block copolymers. Using small-
angle X-ray scattering (SAXS), they show that either
diblock or triblock copolymers can undergo a reversible
transition upon heating starting from a microdomain
structure at low temperature and going toward a
disordered homogeneous phase at elevated temperature.
Except that the microstructural organization intervenes
upon cooling, their SAXS intensity pattern is qualita-
tively the same. It shows (1) a gradual decrease of I(q*)
upon heating and (2) a main interdomain peak at a fixed
position.

Similar SANS experiments with temperature were
also reported recently by Shibayama and co-workers44-46

with poly(N-isopropylacrylamide-co-acrylic acid) copoly-
mer solutions and gels (NIPA/AAc). For NIPA ho-
mopolymer, which is characterized by a LCST at 34 °C,
the scattered intensity diverges at q f 0 when ap-
proaching the transition temperature. When a few
ionized groups are introduced in the NIPA chain, the
critical transition is shifted toward higher temperature
(T ∼ 50 °C for NIPA/AAc 95/5 in molar ratio). Never-
theless, as soon as the temperature is raised above 34
°C, the scattered intensity is highly enhanced and a
scattering maximum appears. It reveals concentration
fluctuations due to the segregation between NIPA and
AAc units. For linear copolymer solutions, the scatter-
ing maximum is shifted toward lower q values, when
the temperature is increased in the range 34-50 °C,
and a steep upturn is also observed in the low-q region.
According to the authors, this behavior at low q values
comes from the growing phase separation (long-range
order inhomogeneities) of NIPA/AAc polymer solutions
which finally reach a macroscopic demixing above 50
°C. Compared to these NIPA/AAc copolymers, we can

assert that, in our systems, the macrophase separation
is inhibited thanks to the large predominance of the
hydrophilic component on the whole range of temper-
ature.

Influence of Salt Concentration. By adding in-
creasing amounts of salt into the copolymer solution,
two main effects can be expected: (1) an increase of the
ionic screening of the polyelectrolyte backbones and (2)
an intensification of the hydrophobic character of the
PEO grafts (salting-out).

From the set of experiments realized at various salt
concentrations ([K2CO3] ) 5.5-9.7% (w/w); Figure 6),
one can see that salting-out prevails on the viscometric
behavior. The viscosity profiles are indeed just shifted
toward lower temperature, as is the cloud point of free
PEO when the salt concentration increases. This
macroscopic observation indicates that, in the salt range
explored, the salt does not affect strongly the micro-
structure of the physical network, which keeps its
rheological signature. This is also confirmed at the
microscopic level by SANS. From experiments carried
out under similar conditions (T ) 40 °C and [K2CO3] )
5.5-11.1% (w/w); Figure 7) we can see that the scat-
tering peak is always centered on the same position (q*
∼ 1.05 × 10-2 Å-1). This is true at T ) 40 °C, but of
course the same holds at higher temperature as previ-
ously reported. In other words, the mean distance
between the microdomains remains constant in all the
salinity range explored. In that case, we conclude that
the organization of the physical network depends only
on the primary structure of the copolymer. Another
interesting feature concerns the magnitude of these
concentration fluctuations. As previously seen, I(q)
initially starts to increase dramatically as soon as the
critical temperature is reached. Then the scattering
intensity keeps on increasing with salt or temperature
and finally reaches a plateau around I(q*) ) 100-120
cm-1 at high temperature and/or K2CO3 concentrations
(T ) 40 °C and [K2CO3] ) 11.1% (w/w), T ) 57.5 °C
and [K2CO3] ) 8.3-9.7% (w/w)). This phenomenon
cannot be attributed to the contrast due to the presence
of salt in water as salt only leads to negligible variation.
Again, this feature can be best compared to the solubil-
ity gap of PEO25 (see Figure 4) where the concentrated
phase reaches some limiting value around 40% (w/w)
at high temperature and/or K2CO3 concentrations.

Influence of the Copolymer Concentration. The
viscosity/temperature profile of PAAD/0.3% PEO25

Figure 6. Influence of K2CO3 concentration on the ther-
mothickening behavior of PAAD/0.3% PEO25 aqueous solu-
tions: Cp ) 2.7%; γ ) 50 s-1.

Figure 7. SANS intensities of PAAD/0.3% PEO25 aqueous
solutions at various K2CO3 concentrations: Cp ) 2.7%; T )
40 °C.
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aqueous solutions was recorded at constant salt con-
centration ([K2CO3] ) 6.9% (w/w)) for various copolymer
concentrations (Figure 8). As expected, we observe a
dramatic enhancement of the viscosity with the con-
centration as a result of the increasing number of
intermolecular physical cross-links (or elastically active
chains). At the same time, the association temperature
is shifted toward lower temperature as is the cloud point
of PEO (see Figure 4). Nevertheless, the relative
increase of PEO content is not the only reason, and at
high copolymer concentration (above 5% (w/w)) it is
necessary to take into account the increasing concentra-
tion of poly(sodium acrylate), which favors the self-
assembling of PEO at lower temperature, as in the
ternary diagram PAA/PEO/H2O ([K2CO3] ) 6.9% (w/w)).

The corresponding SANS data, obtained in similar
conditions ([K2CO3] ) 6.9% (w/w) and T ) 40 °C), are
reported on Figure 9. For Cp ) 2.7% (w/w), we are very
close to the transition (weak segregation regime) and
the scattering intensities remain very low with a slight
scattering maximum (q* ∼ 1.05 × 10-2 Å-1) flattened
out on that scale. By raising the copolymer concentra-
tion from 2.7 to 5.4% and finally up to 8.1%, the
scattered intensity increases rapidly while the peak
position moves toward higher q values: 1.35 × 10-2 and
1.45 × 10-2 Å-1 for Cp ) 5.4 and 8.1%, respectively. If
the position of the peak is taken as a measure of the

most probable distance d between the aggregates, then
we obtain d ) 2π/q* equal to 590, 465, and 435 Å for
copolymer solutions at 2.7, 5.4, and 8.1%, respectively.
These mean interaggregate distances can be scaled with
the copolymer concentration (or the relative PEO con-
centration) according to d ∼ Cp

-0.3. In our experiments,
performed at relatively high ionic strength ([K2CO3] )
5.5-11.1% (w/w)), this scattering behavior with an
exponent close to -1/3 can be attributed unambiguously
to an isotropically dilution process of scattering objects
of given size and not to a polyelectrolyte effect as
reported with various water-soluble systems.

For instance, in the case of weakly charged polyelec-
trolytes in poor solvent,44,46,47 a microscopic phase
separation takes place as a compromise between (1)
attractive forces originating from “hydrophobic” back-
bones and (2) repulsive electrostatic interactions which
result from the charged groups. Consequently, for these
systems, the scattering peak that appears near the Θ
temperature of the backbone can be shifted toward
smaller q values not only by decreasing the polymer
concentration but also by increasing the ionic strength
or reducing the ionization degree. In the case of NIPA/
AAc gels in pure water and at T ) 46 °C, Shibayama et
al.44 showed that the main interdomain distance d can
be roughly scaled with the polymer volume fraction with
an exponent closer to -1/4 (rather than -1/3) as predicted
by Borue and Erukhimovich48 in their statistical theory
for polyelectrolyte in poor solvent.

At the opposite, for highly charged polyelectrolyte in
water, a broad scattering peak is generally observed as
a result of the correlation hole effect around the chains
promoted by electrostatic repulsions.49 In that case, the
scaling dependence between d and Cp was predicted
with a theoretical exponent of -0.5. Experimentally,
with poly(sodium styrenesulfonate), the exponent was
found to vary between -0.4 and -0.5 when the degree
of sulfonation increased from 35 to 87% (in moles),
respectively.50

From this first set of experiments we can see that the
thermoassociative behavior of the copolymers, which
proceeds through a microphase separation mechanism,
can be qualitatively pictured on the basis of the ther-
modynamic properties of the PEO grafts. Moreover, it
seems that the characteristic parameters of the forming
microdomains are directly connected with the primary
structure of the graft copolymers. In the following part
of this paper, we will try to investigate more quantita-
tively this microphase separation process and the
characteristics of the resulting micelles (size, shape,
number of aggregation).

Asymptotic Behavior. To obtain a quantitative or
at least a more accurate picture of the microdomain
formed upon heating, the initial set of experiments was
extended at higher q values (0.02 < q < 0.13 Å-1). A
log-log plot of I(q) versus q is given in Figure 10 for
PAAD/0.3% PEO25 solutions (Cp ) 2.7%) measured at
various potassium carbonate concentrations and/or tem-
peratures. As we increase the temperature and/or K2-
CO3 concentration, the asymptotic behavior of the
scattered intensity also changes systematically accord-
ing to I(q) ∼ q-µ. The exponent µ is related to the
balance between attractions and repulsions inside the
polymer chain.41 If the polymer segments repel each
other, as for polymers in good solvent, µ < 2 is expected
with critical values of 5/3 corresponding to self-avoiding
walk (excluded-volume effect) and µ ) 1 for rigid rods.

Figure 8. Influence of the copolymer concentration on the
rheological behavior of PAAD/0.3% PEO25 aqueous solu-
tions: [K2CO3] ) 6.9%; γ ) 50 s-1.

Figure 9. Variations of SANS intensities with copolymer
concentration: sample, PAAD/0.3% PEO25; [K2CO3] ) 6.9%;
T ) 40 °C; Cp are assigned inside the figure.
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If the segments attract each other in the solvent, as for
collapsed polymer coils, µ > 2. When this force van-
ishes, for Gaussian configuration for instance (random
coil), µ ) 2.

The values of µ were calculated in our systems from
the slope of the curves plotted on Figure 10 for q values
ranging between 0.03 and 0.1 Å-1. Due to the low
scattering intensities obtained at the highest values of
q, the determination of the absolute values of I(q) is very
sensitive to the subtraction of the solvent intensity used
as a reference. Consequently, µ values are given within
a gap of (0.1-0.2. To give an overall description of the
microphase separation, we plot in Figure 11 the scat-
tering intensities at q* versus µ. As previously depicted,
we can see that I(q*), which is related to the micro-
domain formation, increases continuously when either
the temperature or the salt concentration is raised.
According to the previous set of experiments, a plateau
seems to be reached at high level of phase separation,
around I(q*) ∼ 100-120 cm-1. The same consideration
also holds for µ values. For the copolymer solution just
below the critical conditions of phase separation (i.e.,

[K2CO3] ) 5.5%, T ) 37 °C; see Figure 5), the critical
exponent is equal to 2 as expected in the θ region. Then
by increasing the aforementioned parameters (T or [K2-
CO3]), µ continuously increases and approaches 4 as
I(q*) reaches its “limiting” value. This scattering ex-
ponent of 4 indicates that the scattering pattern corre-
sponds to a microseparated two-phase structure with a
sharp boundary according to the so-called Porod law.51

Moreover, it definitively discriminates this mechanism
from a possible “correlation hole” effect which could be
expected with block copolymers when the concentration
fluctuations are large enough.

If we come back to the phase diagram of PEO given
in Figure 4, we can see now that the self-assembling,
enlightened by SANS, proceeds in a similar way.
Moreover by studying the temperature-induced associa-
tion in grafted PEO systems, we obtain additional
information as the different thermodynamic steps of the
phase separation are “frozen” at the microscopic scale.

(1) In salt/temperature conditions well below critical,
the PEO grafts are quite soluble in aqueous medium
and a self-avoiding walk can be expected, at least for
long chains. The whole copolymer solution behaves as
a homogeneous system close to the one obtained under
the same conditions with the water-soluble backbone.

(2) By increasing salt concentration or temperature,
the excluded volume of PEO vanishes and the graft
conformation becomes Gaussian near the θ point (close
to the solubility gap).

(3) When entering into this latter stage, PEO start
to self-aggregate (weak segregation regime). We have
no information about the mechanism of phase separa-
tion (nucleation and growth or spinodal decomposition),
but the microdomain formation (size and shape) is
basically controlled by the primary structure of the
copolymer in order to minimize the micellar free energy
F which takes into account the contributions originating
from the core (Fcore), the corona (Fcorona) and the interface
(Fint).18

(4) As we go upward in the solubility gap, the number
of PEO participating in the microdomains and the
concentration inside these clusters increase. In ac-
cordance with the phase diagram of PEO, we observe
by SANS an increase of both the scattering intensity
I(q) and the exponent µ. At a high level of phase
separation (high T or Cs), the system reaches a strong
segregation regime where all the PEO grafts are em-
bodied into clusters having a sharp interface. According
to SANS, the copolymer seems to have reached at this
point a given equilibrium which remains unaltered, in
our experimental conditions, by still increasing temper-
ature or salt concentration. This macroscopic behavior
is in good agreement with the phase diagram of PEO
where two limiting values, corresponding to φPEO ∼ 0
and 40% (w/w), were obtained for dilute and concen-
trated phases, respectively (see Figure 4). Nevertheless,
it is worthwhile to mention that these so-called limiting
values are relative to the temperature/salt conditions
explored in our experiments. Of course we do not expect
that these limits remain unchanged indefinitely and
especially at very high temperature. As PEO is known
to undergo an UCST-type phase transition at elevated
temperature, a dissolution of PEO aggregates can be
predicted at very high temperature, but this is out of
the scope of the present paper.

Microdomains Characterization. Radius of the
Micelles. In this section, we will take advantage of the

Figure 10. SANS intensity behavior of PAAD/0.3% PEO25
aqueous solutions in the intermediate q range. The enclosed
x/y values refer to “K2CO3 concentration (% w/w)/temperature”
conditions experienced for each solutions. Starting from the
lower curve (5.5/37), plotted in absolute scale, the following
curves are each displaced from the preceding one by a factor
of 10 along the y-axis in order to avoid overlapping.

Figure 11. SANS intensities at q* as a function of the
scattering exponent calculated from the asymptotic behavior
reported on Figure 10. The x/y values correspond to the K2-
CO3 concentration/temperature conditions: sample, PAAD/
0.3% PEO25; Cp ) 2.7%.

Macromolecules, Vol. 31, No. 16, 1998 Thermal Associative Copolymers 5329



aforementioned results, exploring the situation where
a strong segregation regime is reached (high tempera-
ture and/or salt concentration). For all the morphologies
corresponding to that state, we assume complete phase
separation and negligible interface thickness, which
seems a reasonable assumption as evidenced by the q-4

dependence of the scattering intensity. Schematically,
the solution can be sketched by spherical micelles (“PEO
+ water”) embedded regularly into a continuous salted
aqueous solution of poly(sodium acrylate) backbone.
Moreover, to fulfill the picture issued from the q-4

dependence (sharp interface and no fluctuation of
concentration inside the hydrated core of the micelle),
we must consider that “PEO + water” forms, inside the
microdomains, a stable hydrated complex. This idea is,
of course, well supported by the large number of papers
which deal with hydration complexes, mostly ranging
between two and three molecules of water per ethylene
oxide unit.52-56

The assumption of a strong segregation regime can
be simply tested, using the scattering data obtained at
[K2CO3] ) 11.1% and T ) 37 °C (see Figure 12), by
comparing the experimental and theoretical values of
the so-called invariant Qexp and Qth, respectively. The
invariant values are calculated from the following
relations:

and

where F1 and F2 are the scattering length densities of
the two phases (1 refers to PAAD phase and 2 to PEO
micelles). φ1 and φ2 are the volume fractions of the two
phases.

Qexp can be obtained by integrating the experimental
values plotted as q2I(q) vs q:

For the determination of Qth we used our experimental
data issued from the phase diagram of PEO (see Figure
4) and the scattering length densities of the components.
The calculated parameters are as follows: (1) φPEO )
0.014, the volume fraction of pure PEO in the whole
solution; (2) φ2 ) 0.034 (φ1 ) 1 - φ2 ) 0.966), the volume
fraction of PEO micelles in the whole bulk, assuming a
volume fraction XPEO ) 0.41 (see Figure 4) for PEO
inside the micelles; (3) F1 ) FD2O/H2O ) 5 × 10-6 Å-2;
and (4) F2 ) XPEOFPEO + (1 - XPEO)FD2O/H2O ) 3.21 ×
10-6 Å-2, where FPEO is the scattering length density
calculated for pure PEO (FPEO ) 0.63 × 10-6 Å-2; see
Figure 2) and FD2O/H2O is the one calculated for the
solvent mixture D2O/H2O (80/20 v/v) as the K2CO3
contribution is negligible in our conditions.

Basically the determination of values lies on a single
liquid approximation, e.g., assuming that the solvent
ratio D2O/H2O is the same inside and outside the
micelles. From these calculated parameters we obtain
a theoretical value Qth ) 2.08 × 10-12 Å-4 in good
agreement with the experimental one.

This intermediate result provides a self-consistent
check of the aforementioned hypotheses: (1) Validity
of the two phases model; (2) estimation of φi and Fi
values from the pseudobinary phase diagram of PEO.
The next step is then the determination of the specific
area of the particles using the Porod limit:

where S is the total interface area in the scattering
volume V, the other parameters being previously de-
fined.

Assuming spherical micelles, we obtain an average
core radius Rcore ) 112 Å according to

and using Qexp ) 2.26 × 10-12 Å-4 and lim q4I(q) ) 2 ×
10-14 Å-5 (see Figure 12).

Note that the core radius obtained according to eq 5
is roughly independent of any phase diagram assump-
tion as φ1 ∼ 1.

The average core radius can also be calculated using
two other independent methods.

The simplest one only considers the average intermi-
cellar distance (d ) 2π/q*) and the volume fraction of
PEO micelles (φ2), according to the following relation:

The parameter R in relation 6 depends on the organiza-
tion of the spherical microdomains. Three regular
lattice types are assumed: (1) simple cubic (SC with R
) 1), body-centered cubic (BCC with R ) 4/33/2) and face-
centered cubic (FCC with R ) 1/21/2).

Using the experimental values d ) 590 Å and φ2 )
0.034, we obtain

We can see that whatever the lattice type is, the micellar

Figure 12. Modeling of the SANS behavior of thermoasso-
ciative copolymer solution in the strong aggregation regime.
(b) Experimental data obtained with an aqueous solution of
PAAD/0.3% PEO25: Cp ) 2.7%; [K2CO3] ) 11.1%; T ) 37 °C.
(-) Theoretical curve corresponding to the model of polydis-
perse spheres. The best fit is obtained using an average radius
R ) 132 Å, a standard deviation σ ) 28 Å, and an adjusting
parameter Zfit ) 1.12 × 10-13 Å-4.

Qexp ) ∫0

∞
q2I(q) dq (2)

Qth ) 2π2(F1 - F2)
2
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πφ1φ2

Q
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qf∞

I(q)q4 (4)
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radii obtained R ) 105-120 Å are in good agreement
with the value calculated from the Porod limit, Rcore )
112 Å.

The second method used here, allows a more precise
determination of the shape of the scattering particles
by fitting the experimental results with an appropriate
model. Basically, for spherical particles (index 2)
embedded regularly in a continuous medium (index 1),
the absolute scattering intensity (first term of eq 1) can
be written as

where φ1 and φ2 (φ2 ) Npυ/V) are the volume fractions
of the two phases as previously defined, Np is the
number of spherical particles of volume υ (radius r) in
the whole scattering volume V, F1 and F2 are the
scattering length densities, F (q) is the form factor,
which contains the information about the size and shape
of the particles, and S(q) is the structure factor for the
correlation between the particles. In the asymptotic q
range (qr > 1), corresponding here to q > 0.01 Å-1 for r
∼100 Å, we will consider that the scattering is domi-
nated by the form factor (fS(q) ∼ 1).

In Figure 12, the scattering data corresponding to the
sample PAAD/0.3% PEO25 (Cp ) 2.7%, [K2CO3] )
11.1%, and T ) 37 °C) were plotted according to q4I(q)
vs q. This representation clearly evidences the damped
oscillations of I(q) which superimposed the q-4 depen-
dence. This indicates either that the domains are not
spherical or that there is some size polydispersity, but
it is not possible to differentiate between the two effects.
In the following, we consider that the PEO micelle
solution behaves as a polydisperse solution of homoge-
neous spheres with a Gaussian size distribution. In that
case, for a sphere of volume

the form factor is given by

with

and

ω(r) is the Gaussian function for the distribution of
sphere radius, with R the average radius and σ the
standard deviation.

According to this model, the best fit gives an average
radius: R ) 132 Å and a standard deviation σ ) 28 Å.
Although a similar fit could be realized using the form
factor calculated from a solution of monodisperse el-
lipsoids, we consider that the good agreement obtained
here, between the average radius issued from this
simulation and the other values calculated indepen-
dently (R ) 105-120 Å), is consistent with the spherical
shape of PEO micelles. Moreover, according to this
spherical model, a closer comparison between the values
obtained from space-filling calculations (RSC ) 119 Å,

RBCC ) 109 Å, RFCC ) 106 Å) tends to favor the simple
cubic lattice for the PEO microdomains.

One additional piece of information can be obtained
from this simulation if we take into account the adjust-
ing parameter used to superimpose the theoretical curve
and the experimental one. Starting from eq 7, and
assuming as already mentioned that S(q) ∼ 1, we can
see that the scattering intensity varies linearly with the
form factor according to

with

Using the following values (φ2 ) 0.034, φ1 ) 1 - φ2,
∆F2 ) 3.20 × 10-12 Å-4), mostly issued from the phase
diagram of free PEO, we obtain a calculated value Zcal
) 1.05 × 10-13 Å-4, which has to be compared to the
fitting parameter Zfit ) 1.12 × 10-13 Å-4. Once again,
the good agreement obtained here strengthens the
comparison between macro- and microphase separation.
The important conclusion is that the associative behav-
ior of WSB-g-PEO systems can be controlled on the basis
of the thermodynamic properties of PEO grafts. Indeed,
the critical conditions of self-association (T or Cs), the
fraction of PEO grafts gathered into the microdomains,
and the concentration of the microdomains are perfectly
described by the phase diagram of PEO precursors.
Moreover, we can add that the volume fraction of PEO
inside the microdomains, XPEO ) 0.41 as determined in
the strong segregation regime, agrees fairly well with
the value calculated on the basis of a “3H2O/1EO”
complex (XPEO ∼ 0.42).

Nevertheless, even if the PEO side chains are the
trigger of this mechanism, we must consider also the
interplay of the water-soluble backbone in the micro-
domain formation, specially because it stabilizes the
PEO phase at the nanoscopic level. If we consider the
problem of self-assembling from this point of view, a
question immediately rises: What is the relation be-
tween the primary structure of the copolymer and the
characteristics of the microdomains?

Average Number of Aggregation. In this last
part, the SANS study was extended to all the samples
listed in Table 1. As previously reported, most of them
are hydrogenated and were studied in pure D2O. The
scattering intensity follows eq 1. Although the poly-
electrolyte backbone was not matched by the solvent in
these conditions, the scattering curves always displayed
a main diffraction peak which was assigned to the
average interaggregate distance. From these distances,
an average aggregation number (Nag) was calculated by
assuming the following: (1) that all the PEO grafts are
embedded into the microdomains. As previously de-
picted, this is only true in the strong segregation regime
(high T or Cs), but as the interaggregate distance
remains constant during the association process, this
hypothesis holds for the extrapolation of Nag in the
strong segregation regime; (2) that the PEO micelles are
organized into a SC lattice which gave the best agree-
ment between fitting and space-filling calculations.

For this set of samples, the average number of
aggregation reported in Table 2 was calculated accord-
ing to the relation

I(q) ) ZF(q) (12)

Z ) φ1φ2(F1 - F2)
2 (13)

Nag ) Avo(mPEO/MPEO)d3 (14)

I(q) ) (Npυ/V)φ1(F1 - F2)
2F(q)S(q) (7)

υ ) (4/3)πr3 (8)

F(q) ) ∫-∞

+∞
υ[ψ(q,r)]2ω(r) dr (9)

ψ(q,r) ) 3
sin(qr) - qr cos qr

(qr)3
(10)

ω(r) ) 1
(2π)1/2σ

exp(-
(r - R)2

2σ2 ) (11)
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with mPEO the weight (g) of PEO per 1 mL of solution,
MPEO the molar mass of the PEO chain, Avo the
Avogadro number, and d the intermicellar distance
estimated from q*.

From these results, it appears that the aggregation
number is not simply dominated by one of the two
components A or B. At constant PEO block length (NB),
for instance, the aggregation number decreases when
the length of the hydrophilic spacer (NA) increases. At
the opposite, the aggregation number scales positively
with the PEO block length. This can be more easily
shown by plotting under logarithmic scale Nag versus
NA (Figure 13). Roughly, two linear relations can be
obtained, taking separately

Here, these two relations clearly exhibit that the ag-
gregation number always decreases when the water-
soluble block length increases. This seems a general
rule even if the slopes of the relations are different. If
we focus on the PEO5 series, we can see that the PAAD/

PEO5 sample, which is the only one studied at lower
salt concentration ([K2CO3] ) 9.7%), does not scale with
the three other PEO5 copolymers (see Figure 13). An
unexpected very low value of the aggregation number
is obtained in that case (Nag ) 38). One way to
understand this discrepancy in the PEO5 series is to
take into account the salt concentration as a pseudo-
variable. In the following section, we will consider that
the salt concentration, or the ionic strength, influences
the swelling of the backbone and modifies, consequently,
the interfacial properties. We assume that this phe-
nomenon, which is responsible for the backbone shrink-
ing, is especially enhanced at high salt concentration.
For simplicity we identify, independently of the PEO
grafted copolymers, two ranges of salt concentration
characterized by a constant value:

Of course R could be considered as a simple adjusting
parameter, but the two reported values are not mean-
ingless. They reveal some information about the swell-
ing/collapse behavior of the WSB backbone as does, for
instance, the Mark-Houwink coefficient in the intrinsic
viscosity/molar mass relation. The physical meaning of
R can be more easily understood using simple consid-
erations about micelle formation. Whether low-molec-
ular-weight surfactants or multiblock copolymers are
considered, the micellization arises from three main
contributions:57 (1) The driving force for micelle forma-
tion is provided by the free energy of transfer of the
insoluble component B from the initial solution to the
micellar core. (2) The cooperative growth of surfactant
micelles is promoted by the free energy term accounting
for the formation of the core/corona interface (B/A). (3)
The third contribution is the anticooperative inhibition
of micellar growth, which can be related to steric and/
or electrostatic repulsions experienced by the soluble
segments A in the corona.

Using this simple description, we can see that every
modification that decreases the repulsive interactions
between the A blocks will favor an increase of the
aggregation number, decreasing in the same way the
interface area. In water-based systems such as ours,
this can be obtained by increasing salt concentration,
for instance, playing with the Flory-Huggins interac-
tion parameter between the soluble A-block and the
solvent (øAS). Following this argument and decreasing
continuously the solvent quality for A segments, one can
easily imagine that the inhibition of micellar growth will
vanish beyond some given value of øAS, giving rise to a
macrophase separation.

Table 2. Primary Structure of Copolymers and Aggregation Parameters Issued from SANS Studies Performed in
Aqueous Solution

sample Cp (%)a Cs (%)a T (°C)a d (Å)b NA
c NB

c Nag
d

PAAD/0.7% PEO5 3 9.7 >45 360 140 155 38 ( 3
PAA500/0.4% PEO5 3 13.8 60 460 250 155 47 ( 5
AMPS-AA/0.6% PEO5 9 16.6 20 380 165 155 64 ( 6
AMPS-AA/1.35% PEO5 9 13.8 60 340 74 155 92 ( 8
AMPS-AA/0.5% PEO10 3 13.8 60 650 200 265 85 ( 13
AMPS-AA/0.55% PEO25 3 8.3 60 720 180 650 94 ( 16
PAA500/0.4% PEO25 3 6.9 60 650 250 650 78 ( 12
PAAD/0.3% PEO25 3 > 6.9 > 20 590 333 650 56 ( 7

a These are the conditions of SANS experiments, where Cp, Cs, and T are the copolymer concentration, the K2CO3 concentration, and
the temperature, respectively. b d ) 2π/q* is the intermicellar distance obtained from the maximum of the SANS intensity profile. c NA
and NB, previously defined in Table 1, are the average numbers of monomer units in hydrophilic and LCST sequences, respectively. d Nag
is the aggregation number calculated from eq 14.

Figure 13. Double-logarithmic plot of the experimental
aggregation number (Nag) versus the hydrophilic block length
(NA). The following symbols refer to the thermoassociative
systems detailed in Table 2: (9) WSB-g-PEO25; (0) WSB-g-
PEO10; (b) WSB-g-PEO5 studied at [K2CO3] ) 13.8-16.6%;
(O) WSB-g-PEO5 studied at [K2CO3] ) 9.7%.

the PEO25 series studied at medium salt
concentration: [K2CO3] ) 6.9-11.1%

Nag ∼ NB
â /NA

R ) 3600/NA
0.7 (15)

the PEO5 series studied at high salt
concentration: [K2CO3] ) 13.8-16.6%

Nag ∼ NB
â /NA

R ) 1000/NA
0.54 (16)

for [K2CO3] < 12%, R ) 0.70 for
[K2CO3] > 12%, R ) 0.54
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Coming back to our copolymer, and taking into
account the three above-mentioned variables, NA, NB,
and R, the micellization behavior of all the systems
investigated can be depicted by a single relation:

with R (equal to 0.54 or 0.70) the pseudovariable
previously defined.

The aggregation numbers calculated according to this
equation and the experimental values are compared on
Figure 14. The good agreement obtained here gives
consistency to this three-parameter equation. Further-
more, we must add that this dependence of Nag on NA
and NB does not lie on the initial assumption of a simple
cubic lattice structure as the same qualitative relation
could be obtained using a bcc lattice for instance.

As previously mentioned, we observe an increase of
Nag with the length of the insoluble block (Nag ∼ NB

â ).
This general behavior has been reported with most of
the systems that self-assemble in selective solvents,
either diblocks or triblocks. By the way, various theo-
retical treatments,58-61 based on block copolymer mi-
cellization, give a scaling relation of the following type:

with numerical â values varying between 0.5 and 1
depending on the block length ratio NA/NB and the
strength of the interfacial energy.

According to relation 18, the solvent-compatible block
is considered to have no influence on the micellar
characteristics, either Nag or Rcore. Nevertheless, we
can find some other examples where the soluble block
has been reported to have some reasonable effect on the
micellization. This is the case for block copolymer self-
assembly in selective solvents such as poly(styrene)-b-
poly(isoprene) in heptane57,62 or poly(styrene)-b-poly-
(sodium acrylate) in water.63 Moreover, unlike the
above-mentioned theoretical treatments, Nagarajan and
Ganesh57 have proposed another thermodynamic ap-
proach for the micellization of AB diblock copolymer
molecules in a selective solvent. Note that this treat-
ment was also extended further to BAB triblocks.64 In
contrast to the predictions of the earlier models, their
theory reveals that the solvent-compatible shell block
A can have a strong influence on the micellar properties,
depending on the nature of its interactions with the

solvent. Clearly that means that both the soluble block
length NA and the interaction parameter øAS have to be
taken into account for the description of the micelle
characteristics. In their modeling based upon experi-
mental data, they show that the soluble blocks A become
relatively more prominent in systems where the solvent
is very good for A. For example, with poly(A)-b-poly-
(B)/solvent systems at T ) 25 °C such as PEO-b-PPO/
water (øAS ) 0.2) or poly(butadiene)-b-poly(styrene)/
heptane (øAS ) 0.5), they obtain respectively

Finally, these observations concerning the influence
of block A on the micellization, which are evidenced in
the eqs 17 and 19, were also mentioned in the theoreti-
cal treatment of polysoap micelles.16 For instance, when
compared to free surfactants, the corona free-energy
contribution involved in polysoap micellization increases
with the length of the spacer chains between linked
surfactants (NA). The resulting contribution is then a
decrease of the aggregation number, which could be
repressed (Nag ∼ 1) for very large values of NA.

Conclusions
From a wide set of macroscopic experiments per-

formed on PEO grafted copolymers in aqueous solution,
and completed here at the microscopic scale by SANS,
we are now able to give a quasi-quantitative picture of
the phase separation process induced by heating. For
this purpose we can separate arbitrarily the two rel-
evant parameters, which are the structure of the
copolymer and the thermodynamic properties of its
components.

First, using various copolymer samples, we have
found that the architecture has direct implications on
the characteristics of the microdomains and especially
on the aggregation number. Without any thermody-
namic consideration, we can state that Nag is mainly
controlled by the primary structure of the macromo-
lecular system. In the case of grafted copolymers, this
can be realized during the synthesis by adjusting the
structural parameters NA and NB, playing with the size
of the PEO grafts, the grafting ratio, or the distribution
of the PEO side chains along the water-soluble back-
bone. Every increase of NB or decrease of NA will
increase the aggregation number of the microdomains
if the structures are compared in similar conditions.

Besides this structural feature, the most important
aspects arising from the present study are the thermo-
dynamic properties of the components of the copolymer
which can be described through the Flory-Huggins
interaction parameters (øBS, øAS, øAB).

øBS, which corresponds to the PEO/water system, has
been extensively discussed throughout this work, espe-
cially because its variation with temperature is the
trigger of the self-assembling process. The comparison
between SANS performed on PEO grafted copolymers
and the phase diagram of free PEO in aqueous solution
has revealed the close resemblance between the two
mechanisms. The conclusion that can be drawn is that,
in the conditions experienced here and especially in the
low copolymer concentration range, the phase-separa-
tion process of PEO proceeds indifferent to whether they
are free in solution or linked at one end to the water-
soluble backbone. More precisely, we can consider that

Figure 14. Comparison between experimental aggregation
numbers and calculated values issued from relation 17.

Nag ) 10NB
0.9/NA

R (17)

Nag ∼ NB
â (18)

Nag ∼ NB
1.19/NA

0.51 and Nag ∼ NB
1.10/NA

0.24

(19)
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the domain formation is independent of the separation
level, either meso- or macroscopic, and that all the self-
assembling process can be roughly described on the
basis of the thermodynamic behavior of PEO. Only
three parameters, øBS ) f (T), NB, and φB (the weight
fraction of PEO in the whole solution), are needed to
give a quantitative picture of the microdomain forma-
tion induced by heating, as sketched in Figure 15.

Considering now the øAS parameter, which is related
to the affinity of the water-soluble backbone for the
aqueous medium, we can say that it plays an important
role in the stabilization of the two-phase separated
system. As qualitatively depicted in eq 17, the swelling
of the backbone will affect the microdomain formation
and especially the number of PEO side chains per
micelle. Varying øAS, important effects are expected: (1)
at very high salt concentration, when Θ conditions are
reached. This is the case reported in our experiments;
(2) at very low salt concentration with the screening of
the electrostatic repulsions. This is out of our condi-
tions, [K2CO3] < 5.5% (w/w).

Generally an increase of the aggregation number is
expected when the electrostatic interactions are screened
(increase of the ionic strength) or when the solvent
quality becomes poorer for the backbone.

Concerning the last parameter øAB, taking into ac-
count the WSB/PEO interactions, we can mention that
according to the sharp interface evidenced by SANS in
the so-called strong segregation regime (at high tem-
perature and/or salt concentration), a high incompat-
ibility is expected between the two polymer components.
Although the øAB parameter is generally absent from
most of the theoretical treatments, the mutual incom-
patibility between A and B blocks is essential for
micellization. Otherwise the incompatibility of the
solvent for the polymer blocks will merely give rise to a
macroscopic phase separation.

Nevertheless, for multiblocks or polysoaps in selective
solvents, the general picture for a micelle is that of a
core region consisting of pure B blocks surrounded by a
dilute corona of solvated A sequences. Consequently,
the interfacial tension, as well as the level of segrega-
tion, can be approximated to be that of B blocks in the
pure “solvent”. We do in fact exactly the same when
comparing the microphase separation in WSB-g-PEO/
water systems with the pseudobinary-phase diagram of
PEO in aqueous solutions.

This schematic description of the microphase separa-
tion can also be used as a basis to comment on the
viscoelastic properties of the associative systems.

It is well-known now that, in semidilute conditions,
aqueous solutions of PEO grafted copolymers start to
exhibit associative properties as soon as the critical
temperature of the PEO/water system is reached. In
this weak segregation regime, PEO side chains begin
to self-assemble, forming loose clusters which behave
as physical cross-links. Any further increase of the
temperature above Tassoc, will give rise to a strengthen-
ing of the microdomains until the so-called strong
segregation regime. Using the phase diagram given in
Figure 15, this continuous process can be depicted by
(1) an increasing number of PEO participating to the
microdomains and (2) an increasing concentration inside
the PEO micelles.

From a viscoelastic point of view, these two effects
result in an increase of both characteristic parameters:
the number of elastically active chains of the physical
network and the lifetime of the stickers. To qualita-
tively support the discussion, we can use here the
relation issuing from the theory of transient networks,
first elaborated by Green and Tobolsky:65

with η0 the shear viscosity at zero shear rate, G0 the
linear elastic modulus of an affine network made up of
ν0 elastically active chains, and τx the relaxation time
of the network which is, in the present context, the
reciprocal of the PEO graft disengagement rate from the
micelle.

As mentioned above, when the temperature is in-
creased beyond the critical conditions, both ν0 and τx,
and consequently η0, increase.

This is clearly evidenced by the initial slope of the
thermothickening curve η ) f (T), as well as by the
shear-thining character of the solution which is expected
to arise as soon as τx becomes higher than the charac-
teristic experimental time τexp (inversely proportional
to the shear rate).40 As a matter of fact, above these
conditions (τx > τexp) the transient network is affected
by the mechanical shear. In our systems, this effect is
responsible for the smoothing of the curve η ) f (T) with
a bell-shaped curvature. At least two different hypoth-
eses can be put forward to explain this dynamic behav-
ior: (1) The PEO grafts snap under shear from hydro-
phobic clusters faster than they can re-engage. (2) the
PEO grafts, pulled out from the microdomains under
shear, recombine themselves preferentially into in-
tramolecular clusters.

SANS studies reported here have shown that the bell-
shaped signature observed on the η ) f (T) curves was
purely a dynamic phenomenon that cannot be observed
on solutions at rest. Complementary experiments under
shear will be useful in the future to clearly understand
this behavior.

Of course, all the relations existing between the
primary structure, the microphase separation behavior,
and the viscoelastic properties of the associative systems
are not yet perfectly understood. Nevertheless, the most
important conclusion that we can draw here is that this
quite exhaustive study, performed on PEO grafted
copolymers, has permitted us to settle important guide-
lines which will be helpful to design new responsive
systems with predictable properties.
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